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SUMMARY 

It  is  often  desirable  to  irradiate  test  objects  at  the  highest  fluences  pos¬ 
sible  to  verify  hardness  as  well  as  determine  potential  susceptibility  to 
future  high  power  microwave  (HPM)  threats.  When  using  aperture  antennas,  such 
as  conical  or  pyramidal  horns,  the  highest  fluences  are  generally  found  in  the 
radiating  near- field  region.  However,  for  effects  testing  to  be  valid,  the 
energy  coupled  to  the  interior  of  the  object  must  accurately  replicate  that 
which  would  occur  in  a  true  weapon  environment,  i.e.,  plane -wave  illumination. 

Some  in  the  HPM  community  mistakenly  believe  that  testing  can  be  valid  only 
for  placement  of  test  objects  at  distances  farther  from  the  aperture  than 
2  D^/A,  where  D  is  equal  to  the  effective  diameter  of  the  aperture  antenna. 

Many  also  believe  testing  at  distances  farther  from  the  source  than  2  D^/A 
guarantees  plane -wave -like  coupling  conditions.  Neither  view  is  correct. 

Testing  in  the  reactive  near-field  region  (confined  to  <1-2  A  from  the 
aperture)  is  generally  invalid  due  to  reactive  coupling  being  dominant. 

However,  for  testing  performed  in  the  radiating  near  field,  the  determination 
of  validity  is  less  straightforward. 

A  systematic  experimental  investigation  has  been  performed  to  quantify  the 
deviations  relative  to  plane -wave  coupling  occurring  in  the  radiating  near 
field  for  the  case  of  head-on  illumination  of  a  Maverick  missile  at  frequen¬ 
cies  in  the  1-4  GHz  range.  The  measurements,  utilizing  an  instrumented 
Maverick  missile  in  an  anechoic  chamber  and  supported  by  theoretical  models, 
indicate  the  condition  for  which  testing  the  Maverick  missile  in  the  radiating 
near  field  accurately  simulates  plane-wave  coupling.  This  condition  is  as 
follows : 

If  the  beam  cross-sectional  area  exceeds  the  projected  geometrical  cross- 
sectional  area  of  the  missile  by  a  factor  of  2  or  more,  then  the  energy 
coupled  to  the  interior  will  deviate  by  no  more  than  1  dB  from  that  which 
would  occur  under  uniform  plane -wave  illumination  at  the  same  spatially 
averaged  power  and  fluence. 

Beam  cross-sectional  area  is  defined  as  corresponding  to  the  3  dB  points  in 
the  E  and  H  planes. 
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INTRODUCTION 

It  is  often  desirable  to  irradiate  test  objects  at  the  highest  fluences  and 
highest  powers  possible,  both  from  the  point  of  view  of  verifying  hardness  as 
well  as  determining  potential  susceptibility  to  any  future  high  power  micro- 
wave  (HPM)  threat.  The  highest  fluence  available  from  an  aperture  anteiuia, 
such  as  a  conical  or  pyramidal  horn,  is  generally  found  at  a  short  distance 
from  the  aperture,  generally  in  the  radiating  near-field  region  (Ref.  1).  The 
key  issue  that  must  be  addressed  when  testing  in  the  radiating  near  field  is 
whether  the  microwave  coupling  conditions  are  effectively  equivalent  to  those 
that  would  exist  for  incident  plane-wave  illumination  from  a  distant  source. 

It  is  essential  to  recognize  that  the  question  "Do  we  have  plane -wave -like 
coupling  conditions?"  is  not  equivalent  to  the  question  "Is  the  test  object  in 
the  far-field  region?"  Plane-wave-like  coupling  conditions  can  often  exist  at 
distances  substantially  closer  to  the  aperture  than  2  D^/A.  Alternatively,  in 
some  circumstances,  plane-wave-like  coupling  conditions  may  not  exist  even  at 
distances  substantially  >2  D^/A.  When  the  former  is  the  case,  it  is  possible 
to  test  systems  at  power  and  fluences  which  significantly  exceed  (-10  dB) 
levels  available  at  2  D^/A.  Ultimately,  the  determination  of  whether  plane - 
wave-like  coupling  conditions  exist  must  be  made  by  careful  consideration  of 
effects  depending  on  the  geometiry  of  both  the  antenna  and  the  test  object,  as 
well  as  the  wavelength  of  the  radiation. 

Experimental  and  theoretical  work  has  been  performed  to  quantify  the  sig¬ 
nificance  of  effects  that  could  lead  to  other  than  plane -wave -like  coupling 
conditions  for  placement  of  the  Maverick  missile  in  the  radiating  near- field 
regions  of  horn  antennas.  Departures  from  plane -wave -like  coupling  due  to  the 
following  effects  were  considered: 

•  Illumination  with  a  nonuniform  power  density. 

•  Standing  waves  generated  by  reflections  between  the  missile  and  the 
horn. 

•  Reactive  coupling  of  power  from  the  horn  to  the  missile. 

This  report  describes  a  set  of  experiments  which  led  to  intuitive  criteria 
for  validity  of  plane -wave  coupling.  Additionally,  an  important  tool  for 
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Interpretation  of  the  data,  an  aperture  antenna  code  validated  to  an  accuracy 
of  better  than  ±0.3  dB  for  the  radiating  near-fleld  region,  Is  described  In 
the  Appendix. 


REGIONS  ABOUT  AN  APERTURE  ANTENNA 

It  Is  liAportant  to  clarify  the  terms  used  to  differentiate  the  various  regions 
relative  to  a  radiating  source.  The  term  radiating  near  field  refers  to  a 
region  of  space  surrounding  an  antenna  that  Is  between  the  reactive  near-fleld 
region  and  the  far- field  region.  The  reactive  near  field  Is  the  region  of 
space  where  reactive  (l.e.,  capacitive  and  Inductive)  effects  dominate. 
Reactive  field  amplitudes  fall  off  very  rapidly  with  Increasing  distance  and 
become  negligible  within  a  few  wavelengths  from  Che  source.  Next  Is  the 
radiating  near-fleld  region  In  which,  by  definition,  the  angular  distribution 
of  Che  radiated  fields  Is  a  function  of  the  separation  between  the  source  and 
the  measurement  locations.  Finally,  the  far- field  region  begins  at  distances 
sufficiently  far  from  the  source  that  the  angular  distribution  of  the  radiat¬ 
ing  fields  Is  Independent  of  the  source  to  measurement  separation.  For 
aperture  antennas,  these  three  regions  of  space  are  specified  by  the  following 
approximate  criteria  (Ref.  2): 

r  <  X  reactive  near-fleld  region 

X  <  r  <  2  D*/X  radiating  near-fleld  region 

r  >  2  D*/X  far- field  region 

where  D  Is  the  effective  aperture  diameter. 

COLD -TESTING  IN  ANECHOIC  CHAMBER 


EXPERIMENTAL  APPROACH 

Separate  tests  were  performed  using  two  continuous  wave-driven  externally- 
leveled  TEio"“ode  pyramidal  horns  for  L-band  (1.12-1.70  GHz)  and  S-band  (2.60- 
3.95  GHz).  Tests  were  carried  out  In  a  40  x  20  x  20  ft  anecholc  chamber  In 
which  the  conducting  walls  are  lined  with  a  2-ft-Call  pyramidal - type  micro- 
wave  absorber.  For  the  frequencies  and  geometry  used  here,  relevant  wall 
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reflections  are  reduced  by  at  least  45  dfi  compared  to  the  Incident  wave  in  all 
cases.  Because  of  considerable  similarity  of  pyramidal  horn 

patterns  to  -driven  conical  horn  patterns,  the  experimental  results  are 
also  relevant  to  testing  with  conical  horns  operated  In  fundamental  mode.  The 
experiments  described  will  thus  be  used  to  validate  HPM  testing  of  Maverick 
using  the  Weapons  Laboratory's  (UL)  Double  Anode  Relativistic  Tetrode  (DART) 
source,  which  utilizes  the  recently  developed  finned  asymmetric  cone  TMqi  to 
TEjx  mode  converter  (Ref.  3)  to  radiate  a  pencil  beam  from  a  conical  horn  In 
TEji  mode. 

The  experiment  consisted  of  exposing  an  Instrumented  AGM-65D  Maverick  missile 
guidance  and  control  section  to  head-on  Illumination  In  the  radiating  near- 
and  far-field  regions  of  pyramidal  horns  (Fig".  1).  Signals  from  various 
probes  in  the  seeker  and  electronics  sections  were  simultaneously  monitored  as 
frequency  was  scanned  across  L-band  and  S-band.  Frequencies  between  these 
bands,  1.70-2.60  GHz,  were  not  tested  because  of  unavoidable  time  limitations. 
In  each  case,  far-field  values  of  effective  areas  for  three  of  the  several 

•if 

in  situ  missile  probes/sensors  were  obtained  by  placing  the  Maverick  missile 
seeker  head  in  the  far  field  of  the  radiating  horn  at  on-axls  radial  positions 
r  »  2D*/A.  The  effective  area  of  each  in  situ  probe  was  defined  as  the  ratio 
of  the  power  collected  by  the  probe  to  the  computed  unperturbed  incident  power 
density  averaged  over  the  missile  window.  The  power  density  was  computed 
using  the  validated  code  described  In  detail  In  the  Appendix  to  an  estimated 
accuracy  of  ±0.2  dB.  The  reflected  power  coupled  back  into  the  radiating  horn 
was  also  recorded  to  determine  the  significance  of  possible  standing  wave 
formation  between  the  horn  and  missile. 

Effective  areas  were  measured  for  Individual  sensors  at  each  axial  location  at 
each  of  several  observed  peaks  in  the  coupling  transfer  function  in  each  fre¬ 
quency  band.  Thus,  any  perturbations  to  the  distribution  of  power  density  at 
the  window  that  influence  coupling,  due  to  any  or  all  of  the  effects  mentioned 
previously,  appear  as  changes  in  probe  effective  areas  as  the  missile  is 
varied  in  axial  location.  To  avoid  confusion  caused  by  a  possible  nonlinear 
relationship  between  power  measured  at  the  missile  sensors  and  the  unperturbed 
incident  power  density  at  the  window  (an  effect  unrelated  to  considerations 
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Schematic  of  the  experimental  apparatus. 
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Incident  power  density  at  the  window  (an  effect  unrelated  to  considerations 
of  the  validity  of  radiating  near-fleld  testing),  we  adjusted  the  total  horn 
output  power  so  that  the  unperturbed  power  density  averaged  over  the  missile 
Infrared  (IR)  window  was  kept  nearly  constant  as  the  missile  was  varied  In 
axial  position.  Thus,  the  differences  In  coupling  observed  as  the  missile  was 
moved  axially  should  be  attributable  to  departures  from  plane -wave -like 
coupling  conditions.  There  is  some  measurable  scatter  In  the  data,  even  at 
various  far-fleld  locations,  which  Is  attributed  to  small  uncontrollable 
misalignments  of  the  missile  due  to  Irreproduclble  rotations  and  tilts 
resulting  from  the  repositioning  of  the  missile  at  each  axial  location. 
Nevertheless,  the  signal- to-nolse  ratio  is  sufficiently  large  to  observe  any 
consistent  departures  from  plane -wave -like  coupling  conditions  that  exceed 
0.5  dB. 

RESULTS  AND  ANALYSES 

Departure  from  plane -wave -like  coupling  conditions  was  found  to  occur  only  in 
combination  with  comparably  nonuniform  illumination.  For  all  of  the  in  situ 
probes  used  for  these  experiments,  any  difference  between  their  effective 
areas  measured  In  the  radiating  near  field  and  those  measured  In  the  far  field 
exceeding  ±1.5  dB  only  occurred  when  the  nonuniformity  of  Illumination  over 
the  missile  window  c.lso  exceeded  ±1.5  dB.  Reduced  data  for  each  of  the  three 
probe  signals  at  both  L-  and  S-bands  are  shown  In  Figure  2.  Each  of  the  six 
curves  represents  an  average  of  the  absolute  deviation  from  far-fleld  effec¬ 
tive  area  for  several  frequency  peaks  in  each  band.  The  combined  L-  and 

S-band  data  from  Figure  2  can  be  averaged  to  produce  the  overall  summary  of 
the  experimental  data  shown  In  Figure  3. 

Note  that  the  abscissa  in  Figures  2  and  3  is  labeled  A^pani/^m-f  cc-tio 
than  the  aperture- to-mlsslle  separation  distance.  This  representation  Is  more 
useful  than  a  plot  versus  axial  distance  since  A.  has  a  substantial  fre- 
quency  dependence.  By  plotting  the  data  as  shown,  this  frequency  dependence 
to  the  beam  width  Is  effectively  removed,  and  the  L-  and  S-band  data  become 
generally  consistent.  is  defined  as  the  area  of  the  beam  (in  a  flat  x-y 

plane)  such  that  the  power  density  at  the  edge  of  the  beam  In  the  E  and  H 
planes  falls  off  to  half  of  the  on-axls  value.  This  quantity  was  calculated 
for  each  axial  position  and  at  each  frequency  using  the  validated  code 
described  In  the  Appendix.  Typical  data  for  conversion  from  axial  position  to 


5 


WL-TR-90-04 


o 

o 

o 

o 

o 

o 

in 

o 

to 

q 

iq 

o 

C4 

oj 

d 

d 

(9P)  tuoj^  'JOi^BjAGG  -sqv 


6 


Figure  2.  Change  in  Ag££  from  its  far-field  value  for  three  sensors  monitored  at  L-  and  S-bands 
as  axial  distance  is  varied. 
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Figure  3.  Deviation  from  plane-wave  coupling  conditions,  measured  as  variations 
in  A  cf  of  three  in  situ  Maverick  missile  probes.  The  curve  is  an 
averige  of  absolute  deviations  of  at  36  frequency  peaks  in  L-  an 

S-bands  (average  of  Fig.  2  data). 


WL-TR-90-04 


beam  effective  area  are  shown  in  Figure  4  for  two  representative  frequencies, 
^missile  defined  as  the  missile  windovr  area  (projected  flat)  since  the 
window  is  assumed  to  be  the  main  point-of-entry  for  head-on  illumination.  The 
data  of  Figures  2  and  3  clearly  show  that  departure  from  plane -wave  coupling 
conditions  increases  as  ^gam^^missile  decreases,  demonstrating  the  more 
general  link  between  uniformity  of  illumination  and  plane -wave -like  coupling 
conditions . 


EFFECTS  OF  STANDING  WAVES 


There  was  no  evidence  of  departure  from  plane-wave-like  coupling  due  to  stand¬ 
ing  waves  between  the  horn  and  missile.  Under  conditions  where  unperturbed 
illumination  of  the  missile  is  uniform  to  ±1.5  dB  (valid  for  all  radiating 
near-field  locations  actually  used  in  HPM  testing  of  Maverick  at  WL) ,  any 
waves  reflected  fro;",  the  missile  and  subsequently  reflected  by  the  horn  are 
not  of  sufficient  amplitude  to  significantly  affect  coupling.  Any  slight 
differences  in  coupling  may  be  attributed  to  the  slightly  nonuniform  illumi¬ 
nation.  Experimental  measurements  of  the  reflected  RF  power  were  generally 
consistent  with  theoretical/empirical  models  utilizing  the  NEC-BSC  code. 

A  comparison  of  measured  and  calculated  reflected  power  relative  to  incident 
power  is  shown  in  Figure  5  for  a  missile  to  antenna  output  aperture  distance 
of  41  cm.  For  calculation,  the  missile  was  modeled  as  a  circular  cylinder 
with  a  2-in-dia  disk  located  at  the  IR  eye  position  just  inside  the  IR  window. 
The  scattered  radiation  was  computed  using  the  geometric  theory  of  diffraction 
(GTD)  implemented  in  NEC-BSC.  Reflected  power  from  the  missile  back  into  the 
horn  was  generally  20  dB  or  more  below  the  incident  power,  suggesting  that  the 
formation  of  standing  waves  (which  required  multiple  reflections)  is  unlikely 
to  cause  meaningful  departures  from  plane-wave  coupling  under  test  conditions 
(z  >  41  cm) . 

REACTIVE  COUPLING  EFFECTS 

There  was  no  experimental  evidence  of  departure  from  plane -wave -like  coupling 
due  to  reactive  effects  at  any  radiating  near -field  locations  examined.  This 
was  expected,  since  reactive  coupling  decreases  very  rapidly  with  distance. 

In  fact,  computed  reactive  power  densities  (determined  from  the  imaginary  part 
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Figure  4.  Calculated  beam  cross 'sectional  area  versus  axial  positions  z  at 
two  representative  frequencies,  for  Narda  L-  and  S-band  standard 
gain  horns . 
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Figure  5.  Reflected  power/incident  power  as  measured  In  L-Band  (solid  circles) 
calculated  with  NEC-BSC  GTD  model  (open  circles)  with  missile  41  cm 
the  horn  aperture. 
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of  the  Poynting  vector,  which  tends  rapidly  to  zero  with  increasing  r)  were 
always  20  dB  or  more  below  radiated  power  densities.  Placement  of  the  missile 
at  a  distance  exceeding  two  wavelengths  from  the  aperture  was  more  than 
sufficient  to  result  in  a  completely  negligible  level  of  reactive  coupling. 

For  S-band,  testing  with  the  standard  gain  pyramidal  horns  utilized,  simply 
requiring  that  uniformity  of  illumination  be  no  worse  than  ±1  dB  over  the 
window  implied  an  aperture-to-missile  separation  exceeding  two  wavelengths 
anyway.  For  L-band,  departure  from  plane -wave -like  coupling  was  not  found  to 
be  particularly  significant  even  at  separations  of  only  one  wavelength.  Note 
that  actual  high  power  susceptibility  testing  will  be  performed  only  at 
distances  exceeding  two  wavelengths,  i.e.,  well  beyond  the  reactive  near 
field. 

CONCLUSION 


This  study  will  allow  testing  of  the  Maverick  missile  at  unprecedented  power 
levels  and  energy  fluences  with  good  confidence  that  the  coupling  conditions 
are  equivalent  to  plane-wave  Illumination.  The  results  suggested  applying  a 
simple  empirical  rule  for  the  Maverick  test: 

^eam'^^missile  -  relative  coupling  will  be  within  ±1  dB 

of  plane -wave  conditions. 

For  the  WL  horn  antennas  used  to  test  the  Maverick  missile,  this  rule  is  much 
less  restrictive  than  needlessly  insisting  that  the  missile  be  placed  at 
>2  D^/A  from  the  aperture.  As  a  result,  depending  on  the  particular  fre¬ 
quency  and  horn  geometry,  the  Maverick  missile  can  be  tested  at  power  den¬ 
sities  and  energy  fluences  up  to  10  dB  greater  than  those  available  at 
r  ^  2  D^/A.  This  general  relation  between  uniformity  of  illumination  and 
departure  from  plane-wave  coupling  conditions  is  useful  in  evaluating  the 
validity  of  test  configurations  involving  broader  classes  of  antennas  and  test 
obj  ects . 
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APPENDIX 

ANTENNA  CODES 


This  appendix  describes  the  radiating  near- fleld/far- field  code  used  In  the 
data  reduction  for  this  work.  Based  on  a  number  of  cross -comparisons  with 
other  work,  both  experimental  and  theoretical,  the  power  densities  calculated 
are  accurate  to  ±0.2  dB. 

COMPUTATION  OF  THE  RADIATING  NEAR  FIELDS 

With  detailed  knowledge  of  the  E  and  H  fields  over  a  closed  surface  enclosing 
all  the  source(s),  the  external  radiated  fields  (In  the  reactive,  radiating 
near-fleld  and  far-fleld  regions)  may  be  computed  exactly  (Ref.  A-1).  How¬ 
ever,  such  complete  Information  Is  virtually  never  available.  Instead,  It  Is 
customary  to  consider  only  the  aperture  fields  of  the  antenna.  Fields  else¬ 
where  are  assumed  negligible  for  the  purpose  of  computing  the  radiated  field. 
Aperture  fields  are  estimated  by  extrapolation  of  the  driving  waveguide 
fields.  Including  a  correction  for  phase  error  (nonuniformity  of  phase  across 
the  aperture) .  This  technique  is  applicable  to  flared  horn  antennas ,  but  It 
Is  less  useful  for  small  apertures  such  as  open-ended  waveguide  (Ref.  A-2)  due 
to  neglect  of  diffractive  effects. 

In  computing  patterns  from  conical  and  pyramidal  horns  typically  used  In  HPM 
effects  testing.  It  Is  generally  valid  to  Ignore  edge  diffraction.  The  aper¬ 
ture  Integration  method  used  Is  the  Stratton-Chu  approximation  (Refs.  A-1  and 
A-3).  Like  other  aperture  Integration  methods,  the  Stratton-Chu  method  loses 
accuracy  for  large  polar  angles,  and  It  Is  useless  In  the  computation  of  back- 
lobes.  These  regions  are  of  little  Interest  in  HPM  effects  testing. 

The  formulation  Is  essentially  the  same  as  that  used  by  LI  and  Turrln  to 
compute  radiated  near-fleld  patterns  from  TE^x -driven  conical  horns,  although 
we  keep  one  additional  small  term  that  Li  and  Turrln  dropped.  The  expression 
for  the  radiated  electric  field,  E  ,  Is: 
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Ep  -  -  ^  J  R  X  [n  X  -  f,R  X  [n  X  hJ]  R  dS  (A-1) 

Aperture 

Surface 


1  /a 

In  Equation  1,  t;  >  **  120x  (impedence  of  free  space),  E  and  H  are 

O  O  A  & 

the  aperture  fields,  which  depend  on  the  driving  waveguide  mode  and  the  horn 
geometry,  n  Is  the  unit  outward  normal  to  the  aperture  surface,  R  Is  the 
magnitude  of  the  vector  pointing  from  the  Integration  point  on  the  aperture  to 
the  fixed  measurement  point,  and  R  Is  a  unit  vector  along  this  direction. 
Equation  A-1  may  be  applied  to  an  aperture  of  arbitrary  shape.  The  radiated 
magnetic  field,  H^,  Is  computed  separately  by  replacing  the  Integrand  In  the 
previous  expression  (denoted  by  dE^)  by  dH^  which  Is  given  by: 


A 

dH  a  R  X  dE  /17 
P  P 


(A-2) 


and  then  Integrating  as  before.  Thus,  the  complex  E^  and  fields  may  be 
computed  In  the  radiating  near -fie Id  region. 

RADIATING  NEAR- FIELD  CODE  VALIDATION 

Radiating  near- field  patterns  computed  by  numerical  Integration  using 
Equations  A-1  and  A-2  were  validated  both  experimentally  and  theoretically 
In  a  variety  of  ways.  For  the  TE^ -driven  conical  horn,  we  may  compare 
directly  the  results  to  E-  and  H-plane  patterns  computed  (and  verified 
experimentally)  In  Reference  A-4.  The  agreement  Is  excellent,  typically 
±0.2  dB  as  shown  In  Figure  A-1.  The  conical  and  pyramidal  horn  computations 
were  also  compared  to  the  results  obtained  from  aperture  Integration  using  the 
NEC-BSC  code  (Ref.  A-5).  An  example  comparing  the  on-axis  power  density 
radiated  by  a  Narda  standard  gain  horn  as  computed  by  the  two  codes  Is  shown 
In  Figure  A-2.  Again,  the  agreement  is  excellent,  typically  ±0.2  dB. 

Finally,  free-fleld  diagnostic  measurements  performed  to  characterize  HPH 
sources  and  antennas  at  WL  have  also  shown  excellent  agreement  with  computed 
conical  and  pyramidal  horn  antenna  patterns. 


14 


(degrees) 


nes)  and  results  found  by 
an  x-band  horn  at  r  »  0.1  D*/A. 


WL-TR-90-04 


FAR. FIELD  CODE  VALIDATION 

The  calculated  and  measured  far -field  gain  was  compared  to  that  provided  by 
Narda  for  their  WR-284  standard  gain  horn.  Excellent  agreement  was  found 
across  the  entire  band,  typically  ±0.2  dB  or  better,  as  shown  In  Figure  A- 3. 
Narda' s  gain  curves  are  based  on  antenna-range  experiments  and  are  claimed 
accurate  to  ±0.3  dB  by  the  manufacturer. 
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Figure  A-3.  Comparison  of  calculated  gain,  measured  gain  and  manufacturer's  provided  curve. 
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